The work described in this paper concerns the modelling of a standalone air solar collector producing low temperature heat. The main role of the system is to avoid unfreezing temperatures and to reduce humidity in a room or in an unoccupied home during a long time, with only solar radiation. In view to dispose an essential sizing tool for this solar collector, we developed a mathematical model based on energy balance equations and on the characteristics of each prototype. This model allowing to simulate the thermal behaviour of the solar collector, was validated using experimental data collected by telemetry in six operating sites.
Introduction
This work concerns a study on the design and the test of an autonomous thermal solar collector in view to its industrial development. The system is a compact converter comprising a solar air heating module and a photovoltaic module to provide electricity for the fan operation which flows the air in open circuit when the sun shines. The particular operation of this system will be modelled in such a way that an appropriate tool for its development and sizing exists for future installations.
Modelling
We want to reproduce as faithfully as possible the behaviour of the solar collector versus outside weather conditions as ambient temperature, air humidity and solar radiation. The final goal is to estimate, at every time, the thermal power provided by the stand-alone module and, by time integration, to quantify the thermal energy produced for a given period. The numerical modelling we chose to implement, must allow to reach our goal with a good accuracy. It exists two main types of numerical modelling:
Modelling in steady state (constant). The solar collector behaviour is reproduced in conditions in which all parameters values are constant for a long period; thus we cancel the capacitive effects and maintain the heat transfer coefficients as constant. In general, climatic conditions are considered as ideal or artificial (irradiance, inlet temperature, fluid flow rate, temperature, wind speed, pressure, humidity, etc..). Some models were developed by Bliss, Hottel and Whillier [1] and applied to several types of air collectors by Parker [2] , Hamid and Beckman [3] and Chiou [4] ; they seem to be well adapted for solar collector operating in closed circuit and with a constant flow rate. The characteristics of the solar collector modelled are given by the following expression:
F i is the efficiency factor according to the exchange coefficients into the solar collector. The value of F i depends on the chosen reference temperatures.
(τα) e is the effective transmittance-absorbance coefficient for the solar collector and U L the total heat losses with the outside. F i and U L are both function of the internal and external exchange coefficients (convective (h cv ), conductive (h c ) and radiative (h r )). They are calculated by iterative method on temperatures.
Modelling in unsteady state (or transient).
The solar collector behaviour is reproduced in real operating conditions. Environmental parameters change over time.
The heat capacity of each part of solar collector operates on the heat balance and the coefficients of heat transfer are dependent on the temperature place where the heat exchanges occur. The nodal method is to determine a number of nodes representing the temperatures which we desire simulate the evolution. For n nodes, we obtain a system of n equations with n unknown parameters at least.
T is the state vector consisting in n nodes temperatures,
•
T is the derivative function of time T, E is the solicitations vector of the system. It includes the i coefficients describing the climatic conditions (ambient temperature, solar radiation, wind speed, fluid flow rate, etc..). A and B are respectively a n×n matrix and a n×i matrix including the coefficients characterizing the solar collector and the fluid (physical and thermal properties of materials). The resolution of such a system is realized in considering that, for a time period, the temperatures and the solicitation vector change very little, then equation 2 is a stationary linear system. To calculate the temperature balance, we have a linear algebraic system with variable coefficients, easily solved by successive iterations. The system is solved by considering an approximation time intervals (t k-1 , t k ) where A(t) is constant and equal to A(t k-1 )=A k-1 . For a short sampling period z, the continuous equation 2 is transformed into a discrete state equation as follow:
Where: Z is sampling period T (k-1) is the temperature vector at time z E (k-1) is the solicitation vector at time z
Auger [5] showed, from experimental and simulated data, that the performances of a flat plate collector calculated in steady state by the first method, are underestimated by about 7-15% compared to the unsteady state calculation by the second method.
Choice of the method
We collected a series of measurements with a data acquisition at a time step equal to 1 minute in view to validate the solar collector model in dynamic mode. This method is more accurate to evaluate the energy balance over a long period (more than a few hours), particularly for this prototype that have a natural dynamic operation over the sun.
We divided the problem into two parts ( Figure 1 ): Firstly, we modelled the behaviour of the ventilation unit. To do this, from the measured global solar radiation and ambient temperature, the volumetric flow rate Q v of the fluid passing into the heat module is calculated at each time step (Figure 2 ). Secondly, we modelled the behaviour of the heat unit using a nodal model. The solicitations vector is composed of measured data of tilted global irradiance G, ambient temperature Ta and air flow rate Q v . The model gives the value of the outlet fluid temperature Ts (Figure 3 ).
At each step of the modelling, we evaluate, from measured G and Ta, the fluid flow rate Qv and the outlet air temperature Ts. The output power Pu is calculated by estimating the density and specific heat of air at the outlet temperature Ts. The energy supplied by the solar collector is obtained by integrating the power Pu over the studied period. The collector efficiency is defined as the ratio of the energy calculated and the incident solar energy on the total area S of the solar collector ( Figure 1 
Modelling of ventilation unit
The modelling of the ventilation unit was decomposed into three steps. Initially, we model the electrical i-V curve of the photovoltaic module versus the solar radiation G and the ambient temperature Ta. Then, knowing the I-U characteristic of the module, we calculate the operating point of the fan, ie the fan voltage U f and intensity I f . The comparison of the flow ratepressure drop of the fan and the effective pressure drop of the heat unit allows to estimate the flow rate.
I-U curve of the photovoltaic module
The photovoltaic cell in the module is modelled according to a simple diode model. From the equivalent circuit, and from the solar radiation G and the temperature Ta, we determine the fundamental characteristic I-U of the photovoltaic module [6] expressed by the following implicit equation [7] :
Where: I 1 is the photocurrent generated by the incident light, Io, the saturation current, n, an idealist factor, A, the number of the cells in the module, Rs, the series resistance, Rsh, the shunt resistor, q, the electron charge, Tj, the junction temperature (K), k, the Boltzmann constant, NOCT(°C), the average junction temperature of the module at Ta = 293K, G = 800 Wm -2 , wind speed=1 ms -1 . P i (for I =1 to 5), characteristic parameters of the module provided by the manufacturer. 
Fan operating point
For knowing the operating point, we must determine the intersection of the I-U characteristic of the PV module and the I-U characteristic of the fan. This last characteristic was determined using a variable DC power supply and measuring the current consumed by the fan by step of 0.5 volts. We obtained the characteristic equation:
If we build the intersection of the characteristics on the As an illustration, we see in Figure 6 , the voltage variation (U f ) during a clear sky day. 
Flow rate Evaluation
The operation point being known, we must calculate the air flow rate. This flow rate is primarily a function of the pressure drop caused by the air passage into the thermal module. Thus, we look for the relation between the pressure drop and the flow rate into the solar collector.
Pressure drop into the heat unit
We measured the pressure drop caused by the different parts of the solar thermal module. The overall losses are shown in Figure 7 . The measurements were performed by step of 5 m 3 .h -1 and for different fluid temperatures. This pressure drop concerns only the pressure drop into the solar prototype, it is necessary to add the specific pressure drop for each installation: we calculated the additional pressure losses due to distribution duct by: 
For transient flow (2000 < Re < 3000), we interpolated value of the coefficient of friction f by a linear relation as the following equation:
we obtained :
In view to consider the singular pressure drops in each installation and to adjust the total value of losses, we introduced a specific coefficient of pressure drop, which allows to express these singularities from a "long equivalent pipe" producing the same amount of pressure drop [8] .
l e is the length of the equivalent pipe coefficient singular pressure drop ζ . Knowing that the singular pressure drop is expressed by the relation:
Thus, we obtain (Eq. 12):
Replacing λ by 4⋅f and v by S Qv we find the elementary pressure drop coefficient used for (Eq. 8, 9, 11). According the characteristics of the installation, it needs to replace the actual length L by the corrected value L+l e .
Characteristics of the fan
The The measurements by step of 0.1V between 4.5V and 14V being not available, we initially simplified these charts by considering only the useful range of the fan (0-140 m 3 .h -1 ). For this interval, we hypothesized that the relation pressure drop-flow rate is linear and we replaced it by a parametric equation in voltage. We built, by a simple interpolation, a chart which gives the values "isovoltage" by step of 0.1V between 4.5V and 14V. To obtain the flow rate at the operating point according the pressure drops generated by the system, we determine the intersection between the corresponding isovoltage and the characteristic of the pressure drops. Figure  11 gives the flow rate into the prototype 1 for an operating point of 12V. 
Results
In applying this method, we obtain the simulated profile of the flow rate shown in Figure 12 for a clear sky day (type ) and a cloudy day (type ). We note a good accordance between measured and simulated data. The model gives good results for all the prototypes. However, there was a poorer correlation in the case of cloudy days (Figure 14) . The flow rate is slightly underestimated for high solar radiation and overestimated for small ones. For each site, we chose some days of type and and we compared for each day the measured and calculated flow rates. The results are given in Table 2 . The accuracy of the model is good less for sites where the data acquisition was performed with a time step lower than one minute and integrated over five minutes. This inaccuracy has an influence on the value of the operating point but this error stays low and very acceptable. We also note that the length of the pipe (outside the solar collector) significantly influences the results despite the adjustment of the pressure drop by the specific equivalent length. The daily air volume calculated is overestimated for long pipes (Site 2, 4, 5 and 6) and underestimated for short ones (Site 1 and 3).
Modelling of the thermal unit
The first step is to choose the number of nodes characterizing the temperatures. We divided our system into three subsystems (Figure 15 ). The first node is the cover temperature Tv which is the average temperature between the two slides and the temperature of the fluid. The second node is temperature Tc of both the absorber and the fluid between the cover output and the outlet of converter. The third one characterizes the bottom temperature Ti.
Equation of cover
m v is the mass of the cover. Cp v is the specific heat of extruded polycarbonate. α v is the absorption coefficient of the cover. S 1 is the area of cover. h cv is the global exchange coefficient between the cover and the inside of the solar collector. It is equal to the sum of convective heat transfer coefficient hc cv between air and the cover and the exchange coefficient for radiation hr cv linearized between the absorber and the cover. In our operating conditions (300 <T <380 K), we can use the following simplified relation: For hc cv :
For laminar flow [9] 
with ε the emissivity on the facing surfaces.
ρ fv is the air density at Tv Cp fv is the air specific heat at Tv Qv is the air flow rate circulating in the cover Tsv is the outlet temperature of the cover or the inlet temperature in the absorber. h va is the global exchange coefficient between the cover and the outside equal to the sum of the convective heat transfer coefficient hc va (between air and cover) and the radiation exchange coefficient hr va linearized between sky and cover. For hc va , we use
And for hr va : ρ fc is the air density at Tc. Cp fc is the air specific heat at Tc. h ci is the global exchange coefficient between the absorber and box. 
Equation of absorber
) Ti Tc ( S h ) Tsv Ts ( Cp Q ) Tv Tc ( S h S G dt dTc Cp m 2 ci fc v fc 1 cv 1 v c c − ⋅ ⋅ − − ⋅ ⋅ ⋅ ρ − − ⋅ ⋅ − ⋅ ⋅ τ = ⋅ ⋅
Equation of back box
with : λ m , the conductivity of the polyurethane foam λ pr , the conductivity of the outer skin of fibreglass e m , the thickness of the insulating e p , the thickness of the outer skin S 3 , S 4 , the respective inner surfaces of the insulation.
Additional Equations
The 
Discretisation
By replacing Tv and Tc by equations 25, 26 we obtain the following discrete equations: Z is the sampling period taken equal to the time steps of the data acquisition.
Calculation Procedures
The calculation of temperature was performed daily on each file using macro functions Excel4. After the reading of the parameters characterizing the solar collector, the program initializes all temperatures at the first value of the measured ambient temperature Ta. A first calculation of Tc and Tv is carried out to estimate the physical characteristics of the air and to calculate all exchange coefficients. The temperatures calculation is performed at each time step by an iterative procedure on the temperatures and the exchange coefficients until reaching a sufficient accuracy (ε ≈1⋅10 -2 ).
Results
As for the ventilation unit, we compared the measured and simulated temperatures. To validate the model, we selected over the entire measurement period and for each prototype a day type (clear sky) and a day of type (cloudy sky) nearest the winter solstice (December) and equinoxes (March, September). The table 3 presents the energy measured and calculated by the model for both day types. A is close to the winter solstice, B to the autumnal equinox and C to the spring equinox. The results, for the six sites, show that the location and the exposure influence the solar collector performance. Firstly, we see that the site 3 is more productive than the other three ones because the insulation is higher and the ambient temperature lower, increasing consequently the solar collector efficiency. Moreover, its inclination is closer to the optimum. The site 4, the worst one, is disadvantaged by its 30 degrees East orientation and a mountainous mask relatively high in the early morning. The sites 5 and 6, with the same orientation, have similar performances. The prototypes installed in the laboratory are more efficient with their southern orientation and 60° inclination. However, the variation of the production is high during the period between the winter solstice and the equinoxes and is inversely proportional to the need. The solar panels for the sites 1, 2, 3 and 4 having an inclination close to the vertical, have a constant production over the entire cold period.
Validation of model
In a first step, we validated the model by comparing the measured temperatures Ts and T SV with the laboratory prototype. The model correctly estimates the evolution of temperature whatever the sky conditions are.
The Figure 16 shows the measured and estimated temperatures for respectively the prototype 1 for a day of December and for the prototype 2 for a July day. In a second step, we applied the modelling for the four other sites. Table 4 shows the energy produced by each prototype. The model predicts with a sufficient accuracy the produced daily heat energy. The relative error does not exceed 10%. Nevertheless, the model always underestimates the energy for the type 1A and 2B days and always overestimates the energy for the type 1C days.
Conclusion
The modelling and the simulation of the behaviour of the solar collector is used to validate the assumptions made during the design of the autonomous module: the parts of the heating module, the power of the PV module and the fan and the pressure drop. It also shows the advantage of using a double pass solar collector with a dimpled cover. The model allows to determine, with an maximal accuracy of 10%, the production of the solar collector from the global tilted irradiation and the ambient temperature.
